Aim To investigate genetic polymorphism and haplotypes of tightly linked X-chromosomal short tandem repeat (X-STR) clusters in Koreans.
Gonosomal markers have been efficiently used for solving deficiency cases (1, 2) . Due to hemizygosity in men and high mean exclusion chances, X-chromosomal short tandem repeats (X-STR) are particularly helpful in paternity testing and kinship analyses, such as father-daughter, mother-son, and grandmother-granddaughter kinship testing, or the kinship testing of putative sisters (1) . However, when second and third degree kinships are investigated, extremely polymorphic STRs might be required (3) . As the degree of polymorphism is limited in most STRs and highly polymorphic STRs like DXS10011 are prone to mutations (4, 5) , it has recently been suggested that stable haplotypes of closely linked loci are used in kinship testing instead of a single STR (2) .
This approach of substituting single STRs with haplotypes consisting of clustered STRs resulted in the division of the chromosome X into the linkage groups 1-4 located at Xp22, Xq12, Xq26, and Xq28, each of which yields independent genotype information (2, 6) . Especially, 4 X-STR duos in the linkage groups 1-4 (DXS10135-DXS8378, DXS7132-DXS10074, HPRTB-DXS10101, and DXS10134-DXS7423) have been widely investigated in various population groups (6) (7) (8) (9) (10) (11) (12) . Since each of the 4 STR clusters spans less than 0.5 cM, the clusters represent stable haplotypes, thereby providing highly informative tools for kinship testing (2, 6) .
In the present study, we investigated the polymorphisms and haplotypes of the 4 tightly linked X-STR duos in Koreans and evaluated their efficiency in forensic practice. In addition, we provided relevant information about population differences with respect to allele distribution patterns and haplotype diversities.
MatErIaLS and MEtHodS dna samples
Blood or buccal samples from 450 unrelated Koreans living in Seoul (300 men and 150 women), including 150 men and 150 women already typed for 9 X-STRs (13, 14) , were analyzed. Genomic DNA was extracted using a QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions, and the DNA was quantitated using NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA), following the manufacturer's recommendation. The study was performed in accordance with the ethical standards of the Declaration of Helsinki.
Polymerase chain reaction (PCr) amplification and genotyping
The genomic DNA was amplified using the Mentype Argus X-8 PCR Amplification Kit (Biotype AG, Dresden, Germany) and the PCR products were analyzed by capillary electrophoresis using an ABI PRISM 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) according to the Mentype Argus X-8 PCR Amplification Kit manual (15). The fragment sizes were determined using the GeneScan 3.7 software (Applied Biosystems) and the allele designations were carried out using Genotyper 3.7 software (Applied Biosystems) with the Argus X-8_v1.gta macro (Biotype AG).
Sequence analysis of off-ladder alleles
Sequence analyses were performed on samples which contained alleles that could not be designated using the allelic ladder of the Mentype Argus X-8 PCR Amplification Kit. Primers for PCR amplification of off-ladder alleles were designed using the Primer 3 software (http://frodo.wi.mit. edu/primer3/input.htm) ( Table 1) . Each PCR product was cloned using the TOPO TA Cloning Kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer's recommendation. Then, at least two clones were chosen and sequenced on an ABI 3730 Genetic Analyzer using a BigDye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems) according to the manufacturer's instruction. The allele nomenclature followed the guidelines of the DNA commission of the International Society for Forensic Genetics (16) .
Statistical analysis
Polymorphism information content, heterozygosity, mean exclusion chances for trio and duo cases, and power of dis- crimination for men and women were calculated at the ChrX research homepage (http://www.chrx-str.org). Exact tests of the Hardy-Weinberg equilibrium and the population differentiation were carried out using the Arlequin 2.0 software (http://lgb.unige.ch/arlequin). Data from German (6), Ghanaian (11), and Japanese (12) populations were used for the exact test of population differentiation. Haplotypes of 4 closely linked STR duos were obtained from male genotypes and haplotype diversity was calculated using Arlequin 2.0 software.
rESuLtS

Genetic polymorphism of 8 X-Str loci
Allele frequencies of 8 X-STR loci (DXS7132, DXS7423, DXS8378, HPRTB, DXS10074, DXS10101, DXS10134, and DXS10135) are shown in Table 2 , and the values for polymorphism information content, heterozygosity, mean exclusion chance, and power of discrimination are shown in Table 3 . DXS10135 was the most polymorphic X-STR, with 25 alleles, and DXS7423 was the least polymorphic one, with 5 alleles. In particular, the most frequently observed alleles of the DXS7423 and DXS8378 loci had 65.8% and 57.7% occurrences, respectively. Forensic efficiency parameters also demonstrated that the DXS7423 and DXS8378 loci were much less informative in Koreans than in Germans (6) . No significant deviations from the Hardy-Weinberg equilibrium were observed in these 8 markers (Table 3 ).
The allele frequencies of the 8 X-STR loci in the Korean, German, Ghanaian, and Japanese populations were compared with the exact test of population differentiation (6, 11, 12) . We found no significant differences between Korean and Japanese populations in all 8 loci; P-values of population comparison were 0.292 for DXS7132, 0.270 for DXS7423, 0.128 for DXS8378, 0.040 for HPRTB, 0.957 for DXS10074, 0.468 for DXS10101, 0.030 for DXS10134 and 0.019 for DXS10135. However, the German and Ghanaian populations showed significant differences from the Korean population (P < 0.001) in almost all loci. For the locus DXS7132, a significant difference could not be detected between the Korean and Ghanaian populations (P = 0.026).
Sequence structure of off-ladder alleles served in the female sample, and this characterization was confirmed by cloning and sequencing.
Haplotype analysis Table 5 shows the haplotype frequencies of the 4 linkage groups in 300 Korean men. The 4 linkage duos of DXS10135-DXS8378, DXS7132-DXS10074, HPRTB-DXS10101, and DXS10134-DXS7423 revealed 56, 41, 59, and 38 haplotypes, respectively, and their haplotype diversity values were all higher than 0.9. Of all the observed haplotypes, 68% showed frequencies <0.02, and some haplotypes (35-15, 36-15, and 37-15 of DXS10134-DXS7423) showed very high frequencies >0.10 (0.12, 0.18, and 0.14, respectively).
dISCuSSIon
Forensic efficiency parameters indicated that the 8 X-STRs in the present study were suitable for forensic applications in Koreans. These values were still generally lower than in Germans (6); moreover, the values for DXS7423 and DXS8378 in Koreans were particularly low. The test for population differentiation also indicated a significant difference between Korean and German populations (6) . However, Korean and Japanese populations showed similar allele distribution patterns across all 8 loci, implying genetic similarity according to the geographic location (12) .
Sequencing analysis of 11 off-ladder alleles indicated that most off-ladder alleles in the present study had similar sequence structure to those reported in the Mentype Argus X-8 kit manual and those studied in a previous report (6, 7, 15 2) in Koreans were caused by the addition or deletion of partial core repeat units, but most microvariant alleles observed in Germans and Hungarians were caused by variation at the 3' flanking region (6, 7) . In addition, the triallelic pattern (24-26-28) observed at DXS10135 was assumed to be a type 1 triallelic pattern (17) , which might have originated from a somatic mutation of one allele during an individual's development, since this pattern showed an imbalance in amounts between the 3 alleles.
Since stable haplotypes of closely linked X-STR loci were recently suggested for use in kinship testing instead of a single STR, the haplotype analysis of 4 linked X-STR duos was carried out in 300 Korean men. A total of 38 to 59 haplotypes for each linkage duo and 91.6 to 96.6% of haplotype diversities were observed, which are slightly lower values than those found in Germans (96.0 -97.6%) (6) . Although each linkage duo was proved to be high- ly informative for forensic applications, the linkage group 4 (DXS10134-DXS7423), in comparison with other linkage duos, had considerably lower haplotype diversity values (91.6%) with 3 common haplotypes (35-15, 36-15, and 37-15) observed in 44.3% of Koreans. This finding may be explained by the very low genetic diversity of DXS7423 in Koreans; these haplotype distribution patterns were also observed in a Japanese population (6) . Since Germans (6), Hungarians (7), and Ghanaians (6), however, showed high haplotype diversity values and relatively even haplotype distribution patterns across all 4 X-STR duos, there will be a need for discovering a new marker for Asians that can serve as an adequate substitute for DXS7423 or at least complement the existing linkage duo of DXS10134-DXS7423. A recent report has suggested that DXS10146 and DXS10147 are two additional candidates that could be included into this linkage group to increase discrimination capacity (18) . However, two recombination events have been observed between DXS10146 and DXS10134, and DXS10147 has been shown to have only a fairly low degree of polymorphism (18) . Therefore, to evaluate the efficiency of certain markers for use in haplotype complexes along with other markers, and to quantify the genetic distance between markers with greater precision, the investigation of a much greater number of checked meiosis should be conducted with regard to ethnic background.
To summarize, the 4 X-STR duos in the linkage group 1-4 can provide a powerful tool for solving complex kinship cases in Koreans. To verify the usefulness of these haplotypes in family tree reconstruction, however, linkage analysis, determination of mutation rates, and the accurate recombination frequency between these linked markers should be performed before introducing them into forensic practice. 
